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ABSTRACT
The masses of galaxy clusters are a key tool to constrain cosmology through the physics
of large-scale structure formation and accretion. Mass estimates based on X-ray and
Sunyaev–Zel’dovich measurements have been found to be affected by the contribution
of non-thermal pressure components, due e.g. to kinetic gas energy. The characteriza-
tion of possible ordered motions (e.g. rotation) of the intra-cluster medium could be
important to recover cluster masses accurately. We update the study of gas rotation
in clusters through the maps of the kinetic Sunyaev–Zel’dovich effect, using a large
sample of massive synthetic galaxy clusters (Mvir > 5× 1014h−1M at z = 0) from
MUSIC high-resolution simulations. We select few relaxed objects showing peculiar
rotational features, as outlined in a companion work. To verify whether it is possible
to reconstruct the expected radial profile of the rotational velocity, we fit the maps
to a theoretical model accounting for a specific rotational law, referred as the vp2b
model. We find that our procedure allows to recover the parameters describing the
gas rotational velocity profile within two standard deviations, both with and without
accounting for the bulk velocity of the cluster. The amplitude of the temperature dis-
tortion produced by the rotation is consistent with theoretical estimates found in the
literature, and it is of the order of 23 per cent of the maximum signal produced by the
cluster bulk motion. We also recover the bulk velocity projected on the line of sight
consistently with the simulation true value.
Key words: methods: numerical – galaxies: clusters: general – cosmology: miscella-
neous – cosmology: Sunyaev–Zel’dovich effect.
1 INTRODUCTION
The study of non-random motions within galaxy clusters
is an important topic in modern astrophysics, especially to
determine accurate estimates of their masses. Indeed, the
most used methods to measure cluster masses are based on
the simple assumption of hydrostatic equilibrium (see for in-
stance Voit 2005), that accounts for the pressure contribu-
tion due to random thermal motions only. Results from nu-
merical simulations of galaxy clusters show that hydrostatic
masses underestimate the real values by fractions of the or-
der of 10−20 per cent (see e.g. Rasia et al. 2006; Meneghetti
et al. 2010; Nelson et al. 2012; Biffi et al. 2016). One of
the possible explanations for this discrepancy is that it is
? E-mail: annasilvia.baldi@uniroma1.it
necessary to account for additional pressure support com-
ing both from turbulent motions (Rasia, Tormen & Moscar-
dini 2004; Lau, Kravtsov & Nagai 2009), and from coherent
streams or rotation (as investigated by e.g. Fang, Humphrey
& Buote 2009; Biffi, Dolag & Böhringer 2011; Biffi, Dolag &
Böhringer 2013). In the recent work by Eckert et al. (2018), a
quantitative estimate of the non-thermal pressure support in
the ICM is addressed, using for the first time observational
X-ray and microwave data for a small sample of nearby mas-
sive clusters. The authors find that the median value of the
non-thermal vs thermal pressure ratio is of the order of 10
per cent at the virial radius, which is smaller than the pre-
dictions from numerical simulations. Nevertheless, they also
report an exception for the Abell cluster A2319, for which
this ratio is ∼ 50 per cent instead.
Ordered motions – particularly rotation – are, never-
c© 2018 The Authors
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theless, very challenging to measure. As reviewed in Ham-
den et al. (2010), several approaches for determining the
presence of cluster rotation exist. Indeed, it can be investi-
gated from spectroscopic measurements towards the galaxy
members at optical wavelengths (Hwang & Lee 2007; Tov-
massian 2015; Manolopoulou & Plionis 2017), or from ob-
servations of the diffuse intra-cluster medium (ICM here-
after) at X-ray (Bianconi, Ettori & Nipoti 2013; Liu et al.
2015) and microwave wavelengths (Cooray & Chen 2002;
Chluba & Mannheim 2002; Sunyaev, Norman & Bryan
2003). The latter, in particular, are possible through the
Sunyaev–Zel’dovich (SZ) effect, that is produced by the in-
verse Compton scattering of the hot free electrons in the
ICM and the photons of the cosmic microwave background
(CMB) (Sunyaev & Zel’dovich 1970, 1980). The SZ effect
is observed as a variation in the temperature (or bright-
ness) of the CMB spectrum, and can be separated in two
components, namely the thermal and the kinetic SZ effect
(tSZ and kSZ, respectively; see e.g. Rephaeli 1995, for a re-
view). The tSZ is produced by the random thermal motion
of the electrons, while the kSZ effect is attributed to the
motion of the gas in the cluster as a whole with respect to
the CMB reference frame. Quantitatively, the kSZ signal is
proportional to the integral of the electron number density
along the line of sight, times the projection of the cluster
velocity on the same line of sight. This implies that, in prin-
ciple, it would be possible to derive the kinetic properties
of the ICM from observations of the kSZ, as discussed e.g.
in Dupke & Bregman (2002). Some attempts to constrain
cluster velocities with the kSZ have been reported in several
works through the years using data from simulations (e.g. in
Nagai, Kravtsov & Kosowsky 2003), as well as from observa-
tions with different instruments with increasing sensitivity
and angular resolution (see e.g. Holzapfel et al. 1997; Ben-
son et al. 2003; Kashlinsky et al. 2008; Sayers et al. 2013;
Sayers et al. 2016). For instance, a very recent example is
the work by Adam et al. (2017), where they report the first
high-significance detection of the kSZ towards two cluster
substructures in MACS J0717.5+3745 (with 3.4 and 5.1σ-
significance, respectively), from measurements at 260 GHz
with an effective angular resolution of 22 arcseconds. Also,
cluster motions have been detected with high significance in
a statistical fashion, by estimating the pairwise momentum
between couples of galaxy clusters using CMB data (Hand
et al. 2012; Planck Collaboration et al. 2016; Li et al. 2018).
It is worth to stress that, to quantify cluster velocities from
single-cluster measurements, it is necessary to use comple-
mentary data from X-ray observations, since the kSZ alone
is not sufficient to disentangle the contribution to the total
signal coming from both the electron density – that can be
inferred from measurements of the X-ray luminosity – and
the velocity. Moreover, X-ray spectroscopy can also be an
independent observational probe for the study of ICM mo-
tions. For instance, recent observations of the Perseus clus-
ter with the Hitomi satellite, allowed to establish with high
significance the presence of motions of the gas from measure-
ments of the shift of metal spectral lines with unprecedented
resolution (Hitomi Collaboration et al. 2016, 2018).
The possibility of exploiting the kSZ effect to detect ro-
tational motions in clusters has been discussed in Cooray
& Chen (2002) (CC02, hereafter) for the first time. As-
suming a simple solid body rotation for the gas, they find
that the kSZ temperature anisotropy induced by this mo-
tion would be characterized by a dipolar pattern, produced
by the projection on the line of sight of the velocity of the re-
ceding and approaching gas with respect to the observer. In
Chluba & Mannheim (2002), assuming the results of CC02
as a starting basis, they report a detailed analytical devel-
opment of the characteristics of this signal as a function of
cluster physical parameters, and they give some estimates
of the expected amplitude, as measured with interferometric
methods towards a set of candidates from nearby clusters.
In both the aforementioned works, the amplitude of the sig-
nal at the dipole peak is estimated to range between few µK
and tens of µK, depending on the orientation of the line of
sight with respect to the rotation axis and on the dynamical
state of the observed cluster. Indeed, it is possible to ex-
plain the presence of a bulk rotation in galaxy clusters with
the occurrence of a recent merging event (see e.g. Ricker &
Sarazin 2001), whose fetaures can be also inferred from the
kSZ maps themselves, as shown in the recent work of Zhang,
Yu & Lu (2018).
At the time of writing no application of the kSZ for the
study of cluster rotation has been reported so far. In fact,
this is a very challenging task which, observationally speak-
ing, is primarily limited by the resolution reached by current
operating instruments, as well as from high relative errors
of the inferred cluster velocity due to instrumental and as-
trophysical contaminants, or to uncertainties in the recon-
struction of complementary ICM properties (e.g. the tem-
perature). Towards a possible future joint multi-wavelength
detection of rotational motions in real clusters, modern high-
resolution gas-dynamical simulations are extremely valuable
tools for preliminary analyses. A very first test on the de-
tectability of turbulent and ordered motions through the
kSZ is reported in Sunyaev et al. (2003), where the authors
consider a large, isolated galaxy cluster from a cosmological
simulation populated with dark matter and non-radiative
gas physics. Its kSZ map shows the presence of a possible
coherent rotation, that can be deduced from two clearly dis-
tinguishable spots of opposite sign in the innermost regions
of the cluster. In the present work, we take a step forward,
making use of more realistic high-resolution cluster simu-
lations to improve the estimate of the rotational kSZ sig-
nal, and to possibly describe the ICM rotation with a more
suitable model for the rotational velocity, different from the
simple solid body. In particular, we study for the first time
the temperature distortion produced by the kSZ effect due
to the ICM rotation, in massive galaxy clusters extracted
from MUSIC simulations (Sembolini et al. 2013). We select
a small sample of relaxed clusters showing also rotational
features, as outlined in a complementary work focused on
the properties of the angular momentum and tangential ve-
locity of both ICM and dark matter in the same data set
(Baldi et al. 2017, B17 hereafter). By applying B17’s vp2b
model to describe the radial profile of the tangential velocity,
we test whether the expected rotational properties can be
recovered from a fit to the kSZ maps, both with and with-
out accounting for the overall cluster bulk motion. Since this
preliminary analysis is not linked to any particular experi-
ment, in this work we use clean data without accounting for
noise or contaminations of astrophysical and instrumental
origin. The full treatment of these effects will be included in
a forthcoming work.
MNRAS 000, 1–12 (2018)
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This paper is organized as follows. In section 2 we
present the cluster data set used for this study. In section 3
we describe the theoretical and the synthetic kSZ maps,
whose analysis is reported and discussed in section 4. We
eventually summarize our conclusions in section 5.
2 DATA SET
The simulated galaxy clusters analysed in this work consti-
tute a small sub-sample of objects extracted from the MU-
SIC1 hydrodynamical N -body simulation project (see Sem-
bolini et al. 2013, for details). MUSIC simulations have been
run with theGadget-3 TreePM+SPH code (Springel 2005).
The initial conditions were extracted from two different par-
ent simulations: MareNostrum Universe (Gottlöber & Yepes
2007), constituting the MUSIC-1 sub-set, and MultiDark
(Prada et al. 2012), constituting the MUSIC-2 sub-set. All
the clusters were simulated using two different models to de-
scribe the baryonic component: one including only smoothed
particle hydrodynamics (SPH) and gravity forces (NR sub-
set), and one adding multi-phase inter-stellar medium mod-
elling and radiative physics processes including radiative
cooling, UV photoionization, star formation and supernova
feedback (CSF subset), see Sembolini et al. (2013) for fur-
ther details. Here we focus on the 258 most massive objects
from MUSIC-2, having virial mass Mvir > 5× 1014h−1M
at redshift z = 0, that have been already analysed in previ-
ous works to study SZ and X-ray scaling relations (Sembolini
et al. 2013; Biffi et al. 2014; Sembolini et al. 2014), rota-
tional features (B17) and SZ-derived morphological proper-
ties (Cialone et al. 2018).
To avoid possible contamination from the motion of
large substructures in the kSZ maps, we limit our analysis
to a small sub-sample of objects which feature (i) a relaxed
dynamical state, and (ii) a sufficiently large spin parameter
of the gas. Following the same procedure of B17, we first
determine the dynamical state using two indicators derived
from the simulation. The first one is the offset between the
position of the centre of mass of the cluster and the po-
sition of the density peak, normalized to the virial radius,
∆r. The second one is the ratio between the mass of the
largest sub-structure in the cluster and the virial mass of
the cluster itself, Msub/Mvir. The detailed relation between
these two indicators and their connection with the estima-
tor of the cluster dynamical equilibrium can be found in Cui
et al. (2017). We select the clusters that fulfil both condi-
tions ∆r < 0.1 and Msub/Mvir < 0.1. After selecting these
relaxed clusters, we apply a further selection based on the
values of the spin parameter of the gas, λgas, considering only
those having λgas > 0.07, as we did in B17. With both these
selection criteria, our final sample is reduced to six objects
with possibly detectable rotation, whose main properties are
listed in Table 1. The different modelling used to describe the
baryon physics in MUSIC simulations (e.g. cooling and star
formation) has been found to be not relevant for the gas ro-
tational properties (see B17), which is in agreement with the
results of Cui et al. (2016). For this reason, we limit here our
analysis to the data from the non-radiative run, that does
1 http://music.ft.uam.es
Table 1. Identifier, virial mass, virial radius and spin parameter
of the gas of the six relaxed and rotating MUSIC clusters analysed
in this work (see text).
cluster ID Mvir (×1015 M) Rvir (kpc) λgas
46 1.17 2756 0.0785
93 1.90 3241 0.0769
98 1.61 3071 0.0735
103 1.02 2633 0.0746
205 1.24 2813 0.0763
256 1.31 2867 0.0714
not account for radiative gas physics. In these simulations
the gas mass particle is set tomgas = 1.9× 108h−1M, while
dark matter particles have mass mDM = 9.0× 108h−1M.
We assume throughout the paper the same cosmo-
logical model adopted in MUSIC-2 and in the MultiDark
parent simulation, which takes the parameter values from
the best fit to the WMAP7+BAO+SNI data: Ωm = 0.27,
Ωb = 0.0469, ΩΛ = 0.73, σ8 = 0.82, n = 0.95 and h = 0.7
(Komatsu et al. 2011).
3 METHODS
This section illustrates the theoretical model used to de-
scribe the rotation of the ICM in our clusters, and the
method we use to compute the kSZ maps from the avail-
able data.
3.1 Theoretical kSZ maps
In the non-relativistic regime (Kompaneets 1957) the tem-
perature shift produced by the kSZ observed along the di-
rection identified by the vector nˆ, can be written as (e.g.
Rephaeli 1995):
∆TkSZ(nˆ)
TCMB
= −σT
c
∫
los
nevp dl , (1)
where TCMB is the CMB monopole temperature, TCMB =
(2.725 ± 0.001) K (Mather et al. 1999; Fixsen 2009) , σT
is Thomson cross section, c is the speed of light, ne is the
electron number density, and vp is the projection of the gas
velocity on the line of sight (los).
If the gas rotates according to a law described by a
generic angular velocity ω(r) along the cluster radius, equa-
tion (1) for such rotational component becomes:
∆TkSZ,r(R,φ)
TCMB
= −σT
c
R cosφ sin i
Rvir∫
R
ne(r) ω(r)
2r dr√
r2 −R2
(2)
as prescribed in CC02. R and φ in equation (2) are the po-
lar coordinates of the map in the plane of the sky, while
r is the three-dimensional radial distance from the cluster
centre of mass. The sin i factor accounts for the orientation,
given by the angle i, of the line of sight with respect to the
rotation axis of the gas. If the line of sight is orthogonal or
parallel with respect to the rotation axis, the amplitude of
the signal will be therefore maximum or null, respectively.
MNRAS 000, 1–12 (2018)
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Figure 1. Sketch of the expected kSZ map from a rotating clus-
ter, assuming the best observational configuration (i.e. with the
line of sight orthogonal to the axis of rotation). The gas dis-
tribution in the cluster is assumed to be spherically symmetric,
with the rotation axis aligned with the angular momentum vector
of the gas as measured at the virial radius (Lgas). The velocity
vectors, va and vr, indicate respectively the approaching and re-
ceding velocity components along the line of sight for two generic
gas particles, located at the same radial distance from the cluster
centre of mass.
A simple sketch illustrating the best observational configu-
ration (with i = 90◦) is represented in Fig. 1, in which the
expected dipole-shaped pattern can be seen in the map as
two symmetric spots – a positive one for approaching gas
and a negative one for receding gas – aligned horizontally
with respect to the projected axis of rotation.
In the most general case, the kSZ signal from a cluster
is not only due to a pure rotational motion. Indeed, a con-
tribution from the cluster bulk velocity is also present, and
it may be dominant with respect to the rotation, depending
on the projection of this velocity on the line of sight. The
full model describing the theoretical kSZ due to a possible
rotation plus the bulk motion is therefore:
∆TkSZ(R,φ)
TCMB
= ∆TkSZ,r(R,φ)
TCMB
+
− σT
c
vbulk
Rvir∫
R
ne(r)
2r dr√
r2 −R2 .
(3)
We denote with vbulk the projection of the cluster bulk ve-
locity of the gas on the line of sight; the ∆TkSZ,r(R,φ)/TCMB
term for the rotational component is given in equation (2). In
this case, the expected signal is characterized by an asym-
metric dipolar pattern, depending on the dominating ap-
proaching or receding vbulk at a given line of sight.
As can be seen from equations (2) and (3), the calcu-
lation of the theoretical kSZ maps requires to compute the
integral over the line of sight of the electron number den-
sity profile, ne(r), and of the angular velocity profile, ω(r).
The two analytical expressions we adopt to describe these
profiles are detailed as follows.
• Electron number density: in real-life observations of clus-
ters, the SZ effect alone cannot be used to constrain all the
thermodynamic and dynamical properties of the ICM, as
pointed out also in section 1. Thus, in order to derive the
parameters characterizing the rotational velocity it is nec-
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Figure 2. Radial profiles of the electron number density of the
clusters in our sample. Purple dots are the median values com-
puted according to equation (4); solid black lines represent the
best-fit curves described by the simplified Vikhlinin model of
equation (5) with the parameters listed in Table 2.
essary to have an independent measurement of the electron
number density, and a possible estimate of the analytical
model describing its radial profile, ne(r). This information
has to be provided by ancillary X-ray observations, that al-
low to recover cluster densities at radii up to the virial radius
(see e.g. Tchernin et al. 2016, and references therein). In our
case, instead of using mock X-ray data, we make use of the
numerical profiles derived from the cluster data provided
by the simulation, and we fit them to a suitable theoretical
model. The numerical profiles are computed as described in
Sembolini et al. (2013), following:
ne(r) = Ne(r) ρgas(r)
YH
mp
, (4)
where Ne(r) and ρgas(r) are the number of electrons and
the gas density at the cluster radius r, YH = 0.76 is the
hydrogen abundance referred to the gas particle, and mp is
the proton mass. The model we use to describe ne(r) is a
simplified six-parameter version of the equation proposed in
Vikhlinin et al. (2006), that is:
ne(r) = n0
(r/rc)−
α
2
[1 + (r/rc)2]
3β
2 −α4
1
[1 + (r/rs)γ ]
ε
2γ
, (5)
where n0 is the central density, rc and rs are scale radii,
and α, β and ε control the slopes of the profile at different
radii. To determine the best-fit values of the free parameters
(n0, rc, α, β, rs and ε), we use a Markov chain Monte Carlo
procedure. The slopes α, β and ε, are all constrained to be
positive, with the additional condition ε < 5; the γ param-
eter instead is kept fixed to 3.0 (Vikhlinin et al. 2006). We
summarize the results in Fig. 2, showing the data and the
best-fit curves, and in Table 2, where we list the parameter
values.
• Angular velocity: the complementary work of B17 shows
that the possible rotation of the gas in our cluster sample can
be described by a generalized radial profile of the tangential
velocity, rather than by a solid body model (differently from
MNRAS 000, 1–12 (2018)
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Table 2. Parameter values from the fit of radial profiles of the electron number density derived from the simulation to the simplified
Vikhlinin model of equation (5). The γ parameter has been kept fixed to 3.0 for all the clusters.
cluster ID n0 (cm−3) rc (Rvir) α β rs (Rvir) ε
46 0.019± 0.004 0.056± 0.004 0.6± 0.3 0.63± 0.08 0.59± 0.08 2.3± 1.2
93 0.019± 0.005 0.070± 0.005 2.1± 0.2 0.69± 0.07 0.61± 0.07 2.5± 1.3
98 0.018± 0.004 0.064± 0.004 0.5± 0.3 0.7± 0.1 0.6± 0.1 2.6± 1.5
103 0.021± 0.004 0.078± 0.004 1.4± 0.2 0.79± 0.09 0.63± 0.09 2.3± 1.4
205 0.014± 0.002 0.088± 0.002 0.2± 0.2 0.7± 0.1 0.6± 0.1 2.5± 1.4
256 0.020± 0.005 0.082± 0.005 1.9± 0.2 0.79± 0.08 0.64± 0.08 2.6± 1.4
−1.0 −0.5 0.0 0.5 1.0
R (Rvir)
−1.0
−0.5
0.0
0.5
1.0
ΔT
kS
Z,
r    
(a
.u
.)
vp2b
solid body
Figure 3. Central cuts along the theoretical maps of the ro-
tational kSZ effect, computed using the vp2b and a solid body
model to derive the angular velocity profile in equation (2). The
two maps have been normalized, in order to highlight the differ-
ences in the shape of the cuts along the dipole.
CC02). We call this law vp2b model following the notation
of B17, and we derive the corresponding radial profile of the
angular velocity as:
ω(r) = vp2b(r)
r
= vt0/r01 + (r/r0)2
, (6)
being r0 and vt0 the parameters of the vp2b model, i.e. the
scale radius and half of the velocity at this radius, vt0 =
vp2b(r0)/2 (see also equation (10) of B17).
Fig. 3 shows the central cuts along an example theo-
retical kSZ map computed according to equation (2), using
the solid body model – with constant angular velocity ω –
and the vp2b model, for a fixed profile of the electron num-
ber density. These cuts show that the dipole spots, which
have here the same amplitude for comparison purposes, are
more broadened in the case of constant angular velocity.
The spatial scale of the dipole, that can be estimated as the
distance between the maximum and the minimum peaks, is
of the order of ≈ 0.2Rvir for both models. This is because
this separation has a stronger dependence on the parame-
ters setting the slopes of the electron number density profile
– which has been kept fixed here – rather than on the ve-
locity profile, in agreement with the results from Chluba &
Mannheim (2002).
3.2 Simulated kSZ maps
The kSZ maps of the synthetic clusters in our data set have
been produced using the pymsz2 package, which provides
mock observations of both the thermal and kinetic SZ effect.
The kSZ temperature signal is computed as:
∆TkSZ(nˆ)
TCMB
= − σT
cD2A
NP∑
i
Ne,i vp,i Wp(ri, hs) , (7)
where DA is the angular diameter distance of the cluster.
The sum extends over the total number of particles along the
line of sight, NP , each being located at a distance ri from the
centre of mass, having projected velocity vp,i and containing
Ne,i electrons. The Wp function is the SPH smoothing ker-
nel of the simulation (see Sembolini et al. 2013). It is used
to smear the kSZ from each gas particle to the projected
image pixels, being hs the smoothing length of the gas par-
ticles. We compute the maps as described in equation (7)
in two different versions, to match the only rotational and
the rotational+bulk cases (corresponding to the theoreti-
cal prescriptions of equations (2) and (3), respectively). To
separate the rotational component, we simply subtract the
cluster bulk velocity, estimated as the average gas particle
velocity, from the velocity of all single gas particles. In this
way we can fit separately the kSZ maps computed from the
data to the corresponding model in the two configurations,
in order to establish whether it is possible to recover the ex-
pected rotational properties. Clearly, this is a simplification
that cannot be used when dealing with real data, since it
is not possible to separate the bulk component from the to-
tal signal, though some complementary methods to estimate
the peculiar velocity could be used (e.g. the Tully-Fisher re-
lation in the case of nearby clusters, see Kashlinsky et al.
2009).
With the aim to maximise the rotational signal, we
choose the best observational configuration to detect the
dipole, that corresponds to keep the angle between the line
of sight and the rotation axis fixed to i = 90◦ (edge-on
with respect to the rotation axis). To get the correspond-
ing projection, we perform a change of coordinate system,
by transforming all the particle positions and velocities ac-
cording to a suitable rotation matrix. Since we assume, as
zero-th order approximation, that the rotation axis coincides
with the direction of the angular momentum vector of the
gas computed at the virial radius, we construct the rotation
matrix so that the z axis of the rotated reference frame co-
incides with this vector. With this choice the x axis of the
map should be aligned with the dipole spots, while the y axis
2 https://github.com/weiguangcui/pymsz
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should correspond to the projection of the rotation axis on
the plane of the sky, as also illustrated in Fig. 1. We want to
stress here that we adopt these simplifications just to inves-
tigate the detectability of the rotation in suitable candidate
clusters (relaxed with large spin parameter) using the kSZ
at the best observational configuration.
In order to validate the effective rotational origin of
the dipole pattern, we produce different projections for each
cluster, obtained by selecting different lines of sight, all lying
on the orthogonal plane to the rotation axis, always fulfilling
the edge-on condition. Each line of sight is identified by the
angle θlos, that indicates the separation with respect to the
reference line of sight, having θlos = 0◦. We take a total of
six lines of sight, separated by uniform steps of ∆θlos = 30◦,
so that 0◦ ≤ θlos ≤ 150◦. If a dipole is present because
of ICM rotation, its approaching and receding spots should
show the same sign and orientation in the maps, regardless of
the particular line of sight chosen for the projection. As the
subtraction of the cluster bulk velocity, this simplification in
the interpretation of the results is also possible only when
dealing with data from simulations, since observations can
be made along only one line of sight.
The maps of each cluster extend over 2.5Rvir on a side,
with a pixel size dpix = 5× 10−3Rvir that is of the order
of ≈ 10 kpc. For practical reasons, we assume the analysed
clusters to be located at z = 0.05, instead of z = 0. With
this choice, according to the cosmological model adopted in
the simulation, the angular diameter distance is 200.7 Mpc.
The angular size of each pixel is therefore of the order of 10
arcsec, and the maps span 2.4 degrees on each side. To get
results that can be useful for possible future applications to
data from real experiments, we reduce the angular resolution
of our simulated maps. To this end, we apply a smoothing
with a Gaussian filter having full width at half maximum
equal to 20 arcsec, which is compatible with the resolution
of currently operating microwave instruments (e.g. NIKA2
at ∼ 200 GHz).
Fig. 4 shows the kSZ maps for cluster 93 – which is the
most massive cluster in the sample – smoothed at 20 arc-
sec, for different lines of sight as described above. Top panels
show the maps generated after the subtraction of the cluster
bulk velocity which, on the contrary, is included in the maps
shown in the bottom panels. It can be seen that, in general,
all maps for cluster 93 reported in Fig. 4 show a dipole-like
feature with horizontal alignment, and with spots having the
same sign at all different projections. These characteristics
confirm that cluster 93 is a good candidate for the inspection
of a possible rotation of the ICM through the kSZ maps. In
the maps in the right panels in Fig. 4 it is possible to see
how the dipole gets distorted because of the dominating ap-
proaching component of the bulk velocity with respect to the
observer for lines of sight having θlos ≤ 90◦. The cluster bulk
velocity projection is almost null for θlos ≥ 120◦ instead, so
that the rotational signal remains practically unaffected. A
number of small-scale signal features can be identified in all
the maps in Fig. 4, because of the presence of sub-structures.
According to the relaxation criteria that we imposed to se-
lect the clusters in our sample (see section 2 for details), the
masses of these sub-structures are smaller than ten per cent
of the mass of the main halo. They may produce, in some
cases, significant outliers in the kSZ temperature maps due
to their high velocity projected on the line of sight. Despite
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Figure 4.Maps of the temperature shift produced by the kSZ ef-
fect for cluster 93, obtained from different projections as described
in the text, and smoothed at 20 arcsec. Left and right panels show
the maps obtained without and with the add of the cluster bulk
velocity, respectively. The angles θlos of the corresponding lines of
sight are specified on top of each map. Contours are plotted from
-5σ to 5σ, with dashed(solid) lines for negative(positive) values.
The maximum and minimum values in the maps have been set to
±30µK for displaying purposes (see colour version of the figure
in the online edition).
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Figure 5.Maps of the kSZ effect of cluster 93, for different values
of the angle i, without accounting for the contribution of the bulk
motion. The dipole pattern weakens from edge-on to face-on with
respect to the rotation axis (see colour version of the figure in the
online edition).
that, since they extend over scales much smaller than the
dipole scale, their presence does not affect dramatically the
results from the fit to the theoretical maps of the rotational
component of the kSZ. For this reason, the ∆TkSZ range in
the figures is set to ±30µK, in order to fit to the dynamic
range of the dipole without being affected by substructure
outliers. The other five clusters in the sample show maps
with very similar features, as shown in Appendix A.
To highlight the impact of different orientations of the
line of sight with respect to the rotation axis, we show in
Fig. 5 the maps of cluster 93 at θlos = 0◦ taken at different
angles i. We verify that the dipole is clearly visible in the
case of orthogonal line of sight with respect to the rotation
axis, with decreasing amplitude for decreasing values of i,
consistently with the expectations. Unfortunately, the con-
tribution from the sin i term and the vt0 parameter cannot
be discriminated in the observed signal. For this reason we
set i = 90◦ in the rest of the analysis.
4 RESULTS AND DISCUSSION
In order to recover the rotational properties of our test
clusters, we use the Levenberg-Marquardt least-square al-
gorithm (Moré 1978) to compute a pixel-to-pixel fit to the
synthetic kSZ maps described in section 3.2. We treat sep-
arately the purely rotational case, referring to the theoreti-
cal model given by equation (2), and the full case account-
ing also for the cluster bulk motion, referring to the model
of equation (3). The six parameters of the radial profile of
the electron number density are kept fixed, with the values
listed in Table 2 of section 3.1. The free parameters we re-
cover from the fit to the kSZ maps are the scale radius, r0,
and the scale velocity, vt0, introduced in equation (6). In
the full case including the bulk motion, we treat the clus-
ter bulk velocity projected on the line of sight (vbulk) as an
additional free parameter. In order to account for a possi-
ble non-horizontal alignment of the dipole with respect to
the projection of the rotation axis (y axis in the maps), we
repeat the fit also adding another free parameter to the the-
oretical model of the kSZ map. It consists in an offset, δφ,
added to the azimuthal angle φ, which partially accounts
for the error in the estimate of the correct orientation of the
rotation axis of the ICM. If δφ = 0◦, it is correct to assume
the direction of the angular momentum of the gas at virial
radius as the rotation axis. We verify that this offset takes
values smaller than 10◦ in most cases, and that it does not
affect significantly the results from the fit. For this reason,
we refer only to the case with δφ = 0◦ in all the forthcoming
results.
Fig. 6 shows the kSZ maps generated from the data with
the corresponding best-fit theoretical maps, all smoothed at
20 arcsec, without (left panel) and with (right panel) the
bulk motion, in the case of cluster 93. Similar maps for the
complete sample showing the best lines of sight are reported
in Appendix A. We also show in Fig. 7 – for cluster 93 as
before – the central cuts through the same maps of Fig. 6,
to better highlight how our procedure recovers the features
of the signal. It can be seen that, in general, the theoreti-
cal model is appropriate to describe the data in both cases
of subtraction and adding of the cluster bulk velocity. The
signal in the data maps may be larger of a factor of ≈ 3 at
most with respect to the best-fit maps in some regions, be-
cause of small-scale outliers due to sub-structures (that can
be clearly spotted in the plots of Fig. 7), whose contribution
generally changes from one line of sight to another (see also
Fig. 4). Table 3 lists the r0 and vt0 parameters estimated
from the fit. Since they should have consistent values inde-
pendently on the observed projection, we report the average
and standard deviation over the different lines of sight we
considered. We find that the values of both parameters are
in agreement within one standard deviation when compar-
ing the two cases of subtraction and add of the bulk term
(listed in the left and centre columns of Table 3, respec-
tively). This indicates that, in principle, this procedure is
able to disentangle the signal produced by rotation from the
one given by the bulk motion. The comparison between these
results and the values derived from the fit to the velocity in-
ferred directly from the simulation data (listed in the right
columns in Table 3), shows that the scale radius r0 is con-
sistent within one standard deviation. The values of the vt0
parameter are overestimated with respect to the expected
ones by a factor of ∼ 1.5(1.6) on average, when subtract-
ing(adding) the bulk motion. Indeed, they reach fractions
larger than 80 per cent of the circular velocity at the virial
radius (which is & 1000 km s−1 for all the clusters). Never-
theless, there is agreement within one standard deviation for
almost all clusters. A noticeable exception is given by clus-
ter 98, for which we get a larger overestimate (of factors 3.1
and 2.8 without and with the cluster bulk, respectively), and
significantly larger errors. Such discrepancies may be due,
in general, to a less efficient reconstruction of the dipole
because of a higher impact from irregularities in the gas
density distribution, and from high-velocity sub-structures,
especially in the outer regions (see e.g. the corresponding
panels in Fig. A1). In order to give a quantitative indication
of the kSZ signal coming from rotation, we measure the am-
plitude of the dipole from the best-fit theoretical maps in the
rotation-only case. Values are listed in Table 4, as derived
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Figure 6. Comparison between the kSZ temperature maps of cluster 93 and the corresponding best-fit maps, without and with accounting
for the cluster bulk velocity (left and right panels, respectively). Contours are plotted from -5σ to 5σ, with dashed(solid) lines for
negative(positive) values. The colorbar is set to ±30µK for displaying purposes (see colour version of the figure in the online edition).
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Table 3. Best-fit values of the free parameters r0 (scale radius) and vt0 (scale velocity) of equation (6). Left and middle columns report
the average values with their standard deviation computed over all the lines of sight, as derived from the fit to the kSZ maps without and
with the bulk term, respectively. Right columns lists the expected values for the parameters, derived from the fit to the tangential velocity
data, vt, extracted from the simulation. Velocities are given in units of the circular velocity at the virial radius, vcirc =
√
GMvir/Rvir.
cluster ID fit to kSZ without bulk fit to kSZ with bulk fit to vt data
r0 (Rvir) vt0 (vcirc) r0 (Rvir) vt0 (vcirc) r0 (Rvir) vt0 (vcirc)
46 0.34± 0.09 0.84± 0.04 0.37± 0.05 0.95± 0.17 0.36± 0.22 0.56± 0.17
93 0.34± 0.08 0.87± 0.27 0.34± 0.07 0.88± 0.28 0.49± 0.27 0.58± 0.20
98 0.38± 0.30 1.53± 0.67 0.33± 0.25 1.39± 0.65 0.57± 0.62 0.49± 0.29
103 0.29± 0.13 0.82± 0.09 0.28± 0.11 0.83± 0.09 0.47± 0.35 0.52± 0.19
205 0.20± 0.08 0.96± 0.08 0.24± 0.09 0.86± 0.19 0.27± 0.14 0.65± 0.17
256 0.32± 0.12 1.00± 0.23 0.33± 0.11 1.02± 0.24 0.37± 0.20 0.61± 0.22
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Figure 7. Central cuts from the kSZ maps of cluster 93, without
(top panel) and with (bottom panel) the cluster bulk velocity, for
different lines of sight. Purple curves represent the cut through
the data maps, while black curves represent the cut through the
best-fit maps. The presence of high-velocity particles can be seen
as outliers at small scales.
Table 4.Amplitude of the kSZ temperature signal measured from
the best-fit maps. The Adip column refers to the amplitude of the
dipole averaged over all the lines of sight, as derived from the fit
to the maps without the bulk motion. Abulk refers instead to the
maximum amplitude of the best fit to the maps accounting for
the cluster bulk motion.
cluster ID Adip (µK) Abulk(µK)
46 10.8± 2.5 -57.5
93 21.1± 5.2 82.1
98 24.4± 9.2 -77.9
103 16.5± 2.9 -99.4
205 20.9± 5.1 68.8
256 24.4± 4.3 -143.1
Table 5. Normalized difference between the recovered vbulk and
the true one estimated from the simulation, vbulk,sim. Values
along the columns refer to the six different lines of sight.
cluster ID
vbulk/vbulk,sim − 1
θlos
0◦ 30◦ 60◦ 90◦ 120◦ 150◦
46 -0.04 -0.14 -0.22 -0.32 -0.68 -0.11
93 -0.01 0.28 0.24 0.04 -3.39 -0.68
98 0.77 -0.21 0.70 -4.96 -0.20 -0.84
103 -0.04 -0.17 -0.43 -0.38 -0.04 0.01
205 0.13 -0.92 -0.09 -0.01 -0.03 -0.11
256 -0.10 -0.17 -0.28 -0.30 -0.61 0.14
from the average over all the explored projections. It can be
seen that the dispersion across different lines of sight is of
the order of 38 per cent at most, while average values are of
the order of few tens of µK. This result is in agreement with
the predictions by Chluba & Mannheim (2002), that indi-
cates dipole amplitudes ranging between ∼ 4 and ∼ 30µK
(assuming a solid body rotation). Table 4 also reports the
maximum amplitude, Abulk, measured in the best-fit maps
accounting for the cluster bulk motion. We verify that, as
expected, this quantity is linearly proportional to the pro-
jected bulk velocity, vbulk. Using these values it is possible
to compute the ratio Adip/Abulk, in order to estimate how
much does the rotation contribute to the total kSZ signal in
the case in which the projection of the cluster bulk velocity
takes its maximum value. The average value of this ratio is
∼ 0.23, confirming that very high sensitivities are needed
to measure the effect of a rotation, provided the best ob-
servational conditions. The recovered values of vbulk are of
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Figure 8. Values of the projected cluster bulk velocity, vbulk, as
a function of the angle θlos identifying the different lines of sight.
Purple dots with dashed line represent the estimate from the fit
to the maps with the bulk term. Black dots with solid line are
the true values extracted from the simulation.
the order of hundreds of km s−1, and they are fairly com-
patible with the true values from the simulation. We show
their comparison in Fig. 8, where it can also be seen the
sinusoidal behaviour of the different projections with vary-
ing θlos. In Table 5 we report the differences between vbulk
recovered from the fit to the kSZ maps and the true value
from the simulation, vbulk,sim, normalized to vbulk,sim itself.
Values are generally underestimated by few tens of per cent
at most projections; differences are more significant for lines
of sight in which the projected bulk velocity takes absolute
values smaller than 100 km s−1. The possibility of recover-
ing the bulk velocity term with this procedure is an impor-
tant result of this work. Indeed, the use of the rotational
kSZ effect with complementary observables, e.g. higher or-
der corrections terms to the Kompaneets approximation, or
the degree of CMB polarization induced by the kSZ, could
give an estimate of the three-dimensional cluster velocity
(Birkinshaw 1999).
The simplifying assumptions we have made, e.g. the or-
thogonal orientation of the los with respect to the rotation
axis, and the poor error constraints we get in the final es-
timates of the parameters could be limiting factors for this
analysis. Nevertheless, this study is intended to quantify the
amount of kSZ signal that would be produced by ICM rota-
tion at the best observational conditions, also to get a possi-
ble validation of the vp2b model. Some enhancements to get
more robust results can include e.g. a proper modelling of
the sub-structures to be included in the theoretical map for
a more accurate fit. Also, a deeper approach focused on a
more quantitative assessment of the feasibility of such chal-
lenging observations at millimetre wavelengths is ongoing,
by accounting for the full instrumental effects and contami-
nation from astrophysical sources and SZ background.
5 SUMMARY AND CONCLUSIONS
In this paper we address the study of the rotation of the
ICM in simulated galaxy clusters through the maps of the
kSZ effect. In this preliminary analysis, we select a sample of
six particularly relaxed and possibly rotating objects from
MUSIC simulations studied in B17, and we fit their kSZ
temperature maps to a theoretical model based on the one
proposed by CC02. We adopt a simplified Vikhlinin model
for the electron number density, and the vp2b model of B17
for the angular velocity. We study both a simplified case
which does not account for the cluster bulk motion, in order
to get only the rotational signal, and the complete case that
includes an additional term depending on the cluster bulk
velocity projected on the line of sight. We explore six differ-
ent lines of sight for both cases, picking them all orthogonal
to the rotation axis, in order to maximise the amplitude of
rotational signal. The main results from the fit to our maps
can be summarized as follows:
• with our procedure we can recover the parameters of the
radial profile of the rotational velocity within one standard
deviation in the case of the scale radius, and within two
standard deviations at most in the case of the scale veloc-
ity, by averaging over all the lines of sight. These results
are poorly affected by the small-scale outliers produced by
high-velocity sub-structures located within the cluster virial
radius, at most projections;
• the amplitude of the best-fit dipole is consistent with the
estimates found in the literature for relaxed systems. From
a comparison between the amplitude derived without and
with the bulk motion, we estimate that the rotational con-
tribution to the total kSZ signal is, on average, of the order
of 23 per cent in the best observational conditions;
• the projection of the bulk velocity on the line of sight esti-
mated from the full kSZ model shows differences of few per
cent at most projections with respect to the true values from
the simulation. As expected, it has a sinusoidal behaviour
as a function of the angle identifying each particular line of
sight.
We plan to refine the analysis presented in this work by
accounting for the full pipeline of NIKA2, including instru-
mental and astrophysical contaminants, to possibly apply
this study to observations of real clusters. This work is part
of a larger project on the feasibility of the characterization
of ICM rotation, that will include the complementary analy-
sis of multi-frequency data generated from MUSIC clusters.
In particular, we are working on the analysis of the dynam-
ics of galaxy members in our cluster sample, to investigate
the possible co-rotation between baryonic components. In
this context, the future Euclid mission (Amiaux et al. 2012)
could open new interesting possibilities for observations in
the optical band. We also plan to account for X-ray data,
given their complementarity to the SZ effect to derive clus-
ter properties and dynamics. For instance, the upcoming
X-ray satellite Athena (Barcons et al. 2015) will feature an
unprecedented sensitivity and resolution for the character-
ization of spectral lines, that would turn to be extremely
useful to constrain the ICM kinetic properties. Lastly, given
the recent developments of the pymsz code, another possible
future development of the present work applied to synthetic
clusters would include the treatment of the full signal from
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tSZ and kSZ, to recover e.g. cluster properties and their im-
pact on cosmology.
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APPENDIX A: MAPS FOR THE WHOLE
SAMPLE
We show in this section the kSZ temperature maps of all
the six clusters in the sample. The data maps, computed as
detailed in section 3 and smoothed at 20 arcsec, are shown
in Fig. A1 without the bulk motion. Fig. A2 shows the same
maps without the subtraction of the bulk velocity. The best
fit maps together with the data maps are shown only for the
best lines of sight in Fig. A3, without (top panels) and with
(bottom panels) the bulk motion.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1.Maps of the temperature shift produced by the kSZ effect for all the clusters in the sample, obtained from different projections
as described in the text, and smoothed at 20 arcsec. The angles of the corresponding lines of sight, taken on the plane orthogonal to
the rotation axis, are specified on top of each map. Contours are plotted from -5σ to 5σ, with dashed(solid) lines for negative(positive)
values. The ranging values in the map have been set to ±30µK for displaying purposes (see colour version of the figure in the online
edition).
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Figure A2. Maps of the temperature shift produced by the kSZ effect accounting for the bulk motion for all the clusters in the
sample, obtained from different projections as described in the text, and smoothed at 20 arcsec. The angles of the corresponding lines
of sight, taken on the plane orthogonal to the rotation axis, are specified on top of each map. Contours are plotted from -5σ to 5σ, with
dashed(solid) lines for negative(positive) values. The ranging values in the map have been set to ±30µK for displaying purposes (see
colour version of the figure in the online edition).
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Figure A3. Maps of the temperature shift produced by the kSZ effect at the best projection for all the clusters in the sample smoothed
at 20 arcsec, with the corresponding best fit. Maps in the top and bottom panels refer to the case without and with the bulk velocity,
respectively. Contours are plotted from -5σ to 5σ, with dashed(solid) lines for negative(positive) values. The ranging values in the map
have been set to ±30µK for displaying purposes (see colour version of the figure in the online edition).
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